Marek's disease virus (MDV) is an oncogenic avian herpesvirus whose genomic structure is similar to those of herpes simplex virus and varicella-zoster virus. Repeat regions of the MDV genome have been intensively investigated because of a potential relationship to MDV oncogenicity and abundant expression of immediateearly transcripts. In this study, a 1.6-kb immediate-early transcript was localized to the BamHI-12 region by Northern (RNA) hybridization analysis. With cDNA cloning and sequencing, two cDNAs of 1.4 kb (Cl) and 1.35 kb (C2) were identified. Both cDNAs are derived from spliced mRNAs spanning the BamHI-H and -I2 fragments. Cl and C2 use the same splice acceptors and 3' ends, but they differ at their 5' ends and utilize different splice donors. The upstream promoter-enhancer region of Cl cDNA has been defined as a bidirectional regulatory region shared by the MDV pp38 gene. Sequencing analysis shows two small open reading frames (ORFs) within each cDNA (ORFla and ORF2 in Cl, ORFib and ORF2 in C2). Potential ORFs of the sequence have no significant homology with any known protein in the Swiss-Protein data base. DNA fragments encoding ORFla and ORFIb were cloned into pGEX-3X vectors to produce glutathione Stransferase fusion proteins and induce antisera. In Western blot (immunoblot) analysis of MDV-infected-cell lysates, a 14-kDa polypeptide was identified by antisera against both ORF1a and ORFIb. This 14-kDa protein is expressed in cells which are lytically infected with MDV strains GA, Mdll passage 14 (oncogenic), and Mdll passage 83 (attenuated), as well as in the latently MDV-infected and transformed MSB-1 cell line.
Marek's disease virus (MDV) is a highly cell-associated avian herpesvirus which induces T-cell lymphomas and peripheral nerve demyelination (Marek's disease) in chickens (5, 11) . Although MDV has been effectively controlled by vaccination with an antigenically related but apathogenic herpesvirus of turkeys, the mechanism of MDV tumorigenicity is still unknown. Recent efforts in this regard have been focused on the identification of the genes which may be responsible for, or related to, malignant transformation by MDV.
MDV was classified as a gamma-herpesvirus on the basis of its biological characterization (31) . However, the overall genome structure of MDV is more similar to those of human alpha-herpesviruses (e.g., varicella-zoster virus and herpes simplex virus), consisting of unique long (U,L) and unique short (Us) regions, each bounded by a set of inverted repeats (TRL, IRL, IRS, and TRS) (6, 15) . As with other herpesviruses, MDV gene expression is coordinately regulated and sequentially ordered in a cascade fashion (26, 27, 35) . Three (32, 35 (8, 16, 25, 36) . Bradley et al. (3, 4) reported that a 1.8-kb gene family is transcribed rightwardly from the expanded region of the BamHI-H fragment. According to Bradley et al., these transcripts are expressed only in oncogenic MDV and are absent or truncated in attenuated MDV. Antisense inhibition of proliferation of an MDV-derived lymphoblastoid cell line by using an oligonucleotide complementary to the putative splice donor sequence of the 1.8-kb gene family supports the hypothesis of an association between this gene family and the tumorigenic potential of MDV (21) . Recently, Peng et al. (28) further developed a cDNA library from this BamHI-H gene family and identified four cDNA clones. While two cDNAs of 1.9 and 2.2 kb were reported to be nonspliced transcripts, two other cDNAs of 1.5 and 1.9 kb were recognized as single-spliced transcripts spanning the BamHI-H and BamHI-I2 fragments of MDV DNA. Protein products associated with these cDNAs or other transcripts from the BamHI-H gene family have not been identified. Other transcripts that are initiated or terminated within or near the 132-bp repeat region have also been described (8) . Recently, a 38-kDa phosphoprotein expressed in both lytically MDV-infected cells and MDV-transformed lym-region and found to be transcribed in a leftward direction (7, 13) . A basic-leucine zipper gene, designated meq (identified as a homolog of the fos/jun oncogene family), has been mapped to the rightward region of the BamHI-12 fragment, within the MDV IRL. By using antiserum against a synthetic peptide deduced from the meq DNA sequence, a 40-kDa protein was detected in MDV-transformed lymphoblastoid cell lines but not in cells lytically infected with MDV strain GA (20) .
In New Zealand White rabbits were initially immunized with 400 to 500 ,ug of purified fusion proteins in Titer-Max adjuvant (CytRx Co., Norcross, Ga.). The rabbits were boosted with the same amount of protein in Titer-Max every 4 weeks and bled 10 days after the final boost. The immune sera were preabsorbed with GST carrier protein to remove cross-reacting antibody. Antibody titers were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (37) .
Western immunoblot analysis. Cultured cells were lysed with triple-detergent lysis buffer (33) and separated on 12.5 or 15% polyacrylamide gels containing 0.1% SDS. Proteins were electrophoretically transferred to nitrocellulose filters. Immune detections were performed with an Amersham ECL Western blot kit according to the manufacturer's specifications. The filters were blocked with 5% nonfat milk and probed with anti-ORFla and -ORF1b sera at a 1:100 dilution. Donkey anti-rabbit immunoglobulin conjugated with horseradish peroxidase was used as the second antibody. Proteins were detected by luminescence reagent and exposed to X-ray film. Protein sizes were estimated by reference to prestained protein molecular weight standards (Bio-Rad, Richmond, Calif.) run on each gel.
Nucleotide sequence accession number. The nucleotide sequences of the Cl and C2 cDNAs reported in this paper have been given GenBank accession numbers L26394 and L26395, respectively.
RESULTS
Detection of an IE transcript within the BamHI-12 region. Previous studies have shown that MDV IE genes are located mainly in repeat regions, but there have been conflicting reports on the sizes and numbers of transcripts from these regions (3, 4, 8, 26, 28, 35) . To avoid problems associated with unprocessed precursor transcripts and introns, poly(A)+ mRNAs isolated from uninfected DEF cells, MDV-infected DEF cells, and infected DEF cells treated with CHX or PAA were purified for Northern blot analysis. Initial studies revealed that the BamHI-I2 fragment hybridized to a 1.6-kb transcript. This 1.6-kb BamHI-12 transcript was abundantly expressed in CHX-treated cells (enhanced 3.5-fold over that in untreated MDV-infected cells as normalized relative to a chicken actin probe) and was identified in PAA-treated cells after longer exposure (data not shown), suggesting that it is expressed with IE kinetics (Fig. IA) . To verify the location of this 1.6-kb IE transcript, various subfragments of the 5.1-kb BamHI-I2 fragment were utilized as probes in Northern hybridizations. These studies confirmed localization of the 1.6-kb transcript to the leftward BamHI-XbaI region of  juxtaposed to the right region of the BamHI-H fragment (Fig.  1B) . Thus, this 1.6-kb transcript may be related or identical to the 1.8-kb transcripts which hybridize to the BamHI-H fragment (3) and is also consistent with the 1.7-kb transcript of BamHI-12 identified by Peng et al. (28) . Smaller RNA species (1.0, 0.5, and 0.4 kb) expressed with IE kinetics were also observed in Northern hybridizations along with the 1.6-kb transcript ( Fig. 1A and B). As described below, smaller RNA species are most likely derived from undegraded intron RNAs.
Viral genomic DNA sequence of the BamHI-XbaI region from an MDV BamHI-12 fragment. Data from Northern blot hybridizations indicated that an IE transcript was encoded within the leftward BamHI-XbaI region of the fragment. This region of MDV DNA was subcloned and completely sequenced as described in Materials and Methods. Despite abundant transcription in infected cells, no large ORF was found in either direction in this region, although several smaller ORFs (<100 amino acids) were identified (data not shown). To confirm the accuracy of sequence data and determine the junction sequence between the BamHI-H and BamHI-12 fragments, a HindIII-XbaI subclone derived from the EcoRI-F fragment was also sequenced. As before, no continuous large ORFs were observed (data not shown). Two possibilities were considered to explain a lack of ORFs within an abundantly transcribed region: (i) transcripts from the BamHI-12 region may function similarly to latency-associated transcripts in herpes simplex virus type 1-infected neurons (30, 38) , or (ii) RNAs encoded within this region are extensively spliced. Data from reports by Peng et al. (28) , Bradley et al. (3, 4) , and Chen and Velicer (8) suggested that the latter possibility was more likely. However, a protein product from this region had not been identified by any of those groups.
Isolation of cDNA and cDNA sequence analysis. In an attempt to distinguish between the possibilities described above, a cDNA library was constructed by using poly(A)+ mRNA from DEF cells infected with MDV strain GA and treated with CHX. For the construction of this library, we considered both the reported sequence of BamHI-H and our own sequence of the MDV BamHI-12 fragment. Both sequences contain many stretches with high AT contents. The use of oligo(dT) to prime cDNA synthesis in this area could lead to multiple starts within transcripts. For this reason, we chose a modified Okayama-Berg procedure (18) as described in Materials and Methods. This procedure is less likely to support priming within transcripts. The resulting cDNA library was screened with a 5.1-kb BamHI-12 fragment by in situ hybridization. Three cDNA clones (Cl through C3) were isolated. Insert sizes for these clones were estimated to be 1.4 kb for Cl, 1.35 kb for C2, and 0.7 kb for C3 by Southern blot analysis. The three clones were sequenced on both strands, and the sequences were compared with MDV genomic sequence data. Cl and C2 were identified as being derived from different spliced RNAs, and C3 was a partial cDNA clone. The Cl and C2 transcripts both extend from BamHI-H into BamHI-12 in a rightward direction (Fig. 2) . Cl and C2 start from different 5' initiators and have different splice donor sites within the BamHI-H region, but they share the same splice acceptor site and 3' end within the BamHI-12 region (Fig. 2) .
The complete nucleotide sequences of Cl and C2 are presented in Fig. 3 C. to nucleotides 701 to 738 of a previously published BamHI-H sequence (3) (28) .
Despite significant attempts, we were unable to identify any cDNA clones which initiated within the 132-bp region of MDV BamHI-H.
Transcriptional mapping of Cl and C2 cDNAs. In order to determine the precise 5' ends of our cDNA clones, primer extension experiments were conducted. Three oligonucleotide primers were designed on the basis of our cDNA sequence. The positions and directions of these primers are schematically depicted in Fig. 2 . The first primer (P1), 5'-AGGAAATATAT CGGGGTACGGCCGT-3', was complementary to Cl cDNA sequence positions 14 to 38, which are just upstream of the intron. The 42-bp extension observed in reactions with P1 and RNA isolated from MDV GA-infected cells (data not shown) indicated that the Cl transcript starts 13 bp downstream of a putative TATA sequence within BamHI-H. This location is consistent with the start site of the 1.8-kb gene family described by Bradley et al. (3) . An ATG translation start site was found 37 bp downstream of the putative TATA sequence. However, the optimal context surrounding AUG (A at -3 position and G at +4 position) was not found (22) . The TATA sequence, upstream of the Cl start site, belongs to a putative promoterenhancer region containing a variety of potential transcriptionregulatory elements (3, 13) . This promoter-enhancer region has been cloned into a chloramphenicol acetyltransferase reporter plasmid in both orientations in our laboratory. Tran of other spliced transcripts using the same splice acceptor as Cl and C2 or the presence of unspliced transcript precursors.
CTCTCAGAATGGCACGGCCGATCCCCGATATATTTCCTACCCCGGATGCATIGACTGCGGACCCACTTTCCATCTCGAAACGGATACTGCGACAACTAGG S Q N G T A D P R Y I S Y P G C I D C G P T F H L E T D T A T T R (G) (C) (H) 10AACGGAACATCAAGTTTTSTATCGCATICAGAAGTTTTTGTGAGAGGGCTCGCTCCTTAATTTCCAACTGTAACATGGGTAGTAGAAACGAGAGCT N G T S S F G D R I R S F C E R A R S L I S N F V T W R S R N E S C (G) (H) (H) (H) (G)
(Q A V H M A K V C R P P V R C D V M F R F E (H) 801 AGCATGTAAGAAAAATGGAACTGTTAACTCTAAAAAGAAGTATCTCGCCCCATTTGTATCATTCGGCGGT[GGGAAATATAGGTAATAGGAAAAATCATAC H V R K M E L L T L K R S I S P H L Y H S A V G N I G N R K N H T (H) (H) (G) 901 CTACGTCAGGCTTCTTCGTCTGCGATCGCAGAAGTGTCTGGAGACGCGCAAAGAAGGTICTGGCGCATTCCGATATAGTT AGCCAATGCTTGGTCCGC Y V R L L R L R S Q K C L E T R K E G L A H S D I V C S Q C L V R(H)
CGGCTCTGGGTGGGAACGACCCCGGATGCATTGACTGCGGACCCACTTTCCATCTCGAAACGGATACTGCGACAACTAGGAACGGAACATCAAGTITJGG A L G G N D P G C I D C G P T F H L E T D T A T T R N G T S S F G (G)

TGATCGCATCAGAAGTTTTTGTGAGAGGGCTCGCTCCTTAATTTCCAACTTTGTAACATGGCGTAGTAGAAACGAGAGCTGTGAGGTTCTGGCAGAGATT D R I R S F C E R A R S L I S N F V T W R S R N E S C E V L A E I (H) (H) (H) (G) (C)
To confirm the origin from which our cDNA clones were derived, Northern hybridization was conducted with the Cl cDNA insert as a probe. A 1.6-kb transcript was detected in poly(A)+ mRNA isolated from MDV strain GA-infected cells and was enhanced in mRNA from infected cells treated with CHX (Fig. 4, lanes 2 and 3) . No hybridization to uninfectedcell mRNA was observed (Fig. 4, lane 1) . This result indicates that the cDNA was derived from the 1.6-kb IE RNA previously detected with a BamHI-12 fragment probe. Consistent with sequencing and primer extension data, the Cl cDNA is 1.3 kb in length, without a poly(A) tail. Interestingly, minor transcripts of 1.0, 0.5, and 0.4 kb observed in Northern hybridizations probed with the BamHI-XbaI subfragment of were not detected when the Cl cDNA insert was used as a probe (Fig. 4) . This result suggests that these smaller RNA species are most likely derived from undegraded intron RNAs. In support of this observation, unspliced RNA precursors (3.3 and 2.6 kb) as well as the 2.3-kb intron are readily detected in 4), and from the MDV-induced lymphoblastoid cell line MSB-1 (lanes 5) were resolved in SDS-12.5% polyacrylamide gels and transferred to nitrocellulose membranes, which was followed by immunodetection using fusion protein antiserum against ORFla.
continuous ORFs within our cDNA sequences is consistent with the results of Peng et al. (28) and raises questions regarding the function of these abundantly expressed spliced transcripts.
Identification of a 14-kDa protein of ORFla and ORFlb gene products. Previous analyses of transcripts encoded by the BamHI-H and -I2 regions of MDV DNA have failed to determine if any protein product is produced by these extensively spliced RNAs. Given the potential importance of this region in viral oncogenicity, identification of a protein product associated with BamHI-H and -12 transcripts would be of considerable interest. To generate adequate amounts of protein for antibody production, DNA fragments which contain ORFla (83 amino acids) of Cl and ORFIb (76 amino acids) of C2 were cloned into the 3' end of the GST gene of pGEX-3X vectors (in-frame insertions) and induced by IPTG to express fusion proteins in E. coli cells. Two fusion proteins, GSTORFla and GST-ORFlb, were generated and purified by glutathione-affinity chromatography. Antibodies against these proteins were raised in rabbits as described in Materials and Methods. The immune antisera were preabsorbed with purified vector protein (GST) to remove cross-reacting antibodies. After the second boost, the antiserum titer reached a 1:1,000 dilution as determined by ELISA (data not shown).
Western blot analysis was conducted to identify putative protein products of the Cl and C2 clones. Both ORFla and ORFib antisera detected a 14-kDa protein in CEF cells infected with MDV strain GA but not in control CEF cells (Fig. 6A and B, lanes I and 2). As described above, ORFla spans a 2.3-kb intron which includes the 132-bp repeat region amplified in the genome of attenuated MDV. To determine whether the ORFla and ORFib gene products, identified in this study, incur any structural changes when the 132-bp region expands in attenuated MDV, we employed MdlI passage 16 as a representative low-passage (oncogenic) virus and Mdl I passage 83 as a high-passage (attenuated) virus. Both fusion protein antisera detected a 14-kDa protein in lysates of cells infected with low-and high-passage Mdli (Fig. 6A and B,   lanes 3 and 4) . Higher-molecular-weight proteins detected by antiserum to ORFIb (Fig. 6B, lane 3) were not consistently observed and thus likely represent nonspecific interactions. Since these gene products originate from the repeat region, which is speculated to be associated with MDV tumorigenicity, we further explored the gene products by using the MDV lymphoblastoid cell line MSB-1. A 14-kDa protein was readily detected by both ORFla and ORFIb antisera in the MSB-1 tumor cell line without iododeoxyuridine induction (Fig. 6A and B, lanes 5). These results suggest that ORFIa and ORFIb indeed encode polypeptides in MDV-infected cells. Furthermore, oncogenic and attenuated strains of MDV produce similar amounts of this polypeptide.
DISCUSSION
Reports on the sizes, numbers, and directions of transcripts derived from MDV repeat segments (IRL and TRL), especially around the 132-bp expansion region, have been well documented (3, 4, 8, 26, 35 Two unspliced mRNAs (1.69-kb cDNA I and 2.2-kb cDNA 6) from the BamHI-H and -I, regions were also reported by Peng et al. (28) . Previously, Iwata et al. (19) reported the construction of a cDNA library derived from MDV strain Md5-infected cells. Twelve clones localized to the BamHI-H fragment contained 1.1-to 1.8-kb insertions, and all were derived from unspliced mRNAs transcribed in a rightward direction. Iwata et al. therefore concluded that the majority of mRNA from the BamnHI-H region is composed of unspliced transcripts. Chen and Velicer (8) also reported four groups of unspliced transcripts which initiated or terminated in the BamHI-H 132-bp repeat region in a bidirectional manner. On the basis of the results presented in this report and extensive analysis of cDNA clones, we believe that many of these cDNAs result from priming within transcripts and within relatively stable introns containing the 132-bp repeats.
The 5' end of Cl has been defined by a combination of primer extension and sequence analysis. The 5' upstream promoter-enhancer has been characterized as a bidirectional regulatory region shared with the pp38 gene. The structural arrangement of this bidirectional regulatory region shared by Cl and pp38 is similar to that of the HSV ICP4 and ICP22/47 genes (29, 43) . Whether Cl and pp38 gene expression is coordinately regulated or mutually exclusive or whether their gene products are functionally synergistic will be an important issue in extending our knowledge of MDV gene regulation.
Protein similarity searches with putative Cl-and C2-encoded polypeptides against the Swiss-Protein data base revealed only limited homology with zinc finger proteins and the myc proto-oncogene. However, these similarities were not in conservative or functional regions. The regions of similarity between ORFla, ORFIb, and the mouse zinc finger protein ZFP-27 are not within the zinc finger motif region (10) . Similarly, ORF2 has a limited homology with exon 3 of the nmyc proto-oncogene, a region outside the conservative "myc-box" (40) . Therefore, we do not believe that these similarities have significance regarding potential gene functions. We did not find similarity between ORFla or ORFIb and the mouse TLM oncogene as reported by Peng et al. (28) , because the region in question was not present in our cDNA sequence as a result of altered splicing. We also did not find any similarity between ORF-F (corresponding to our ORF2) and the fes/fps family of kinase-related transforming proteins as reported by Peng et al. (28) . It is therefore likely that any protein product encoded by these cDNAs is MDV specific.
By using predicted amino acid sequences deduced from our cDNA nucleotide sequence, fusion proteins and specific antibodies have been prepared. A 14-kDa protein was detected in Western blots of MDV-infected-cell lysates by antisera against both ORFla and ORFIb. It is possible that these two ORFs encode proteins similar in size which differ slightly at their amino-terminal ends. ORFla is predicted to encode 83 amino acids. An additional 2 amino acids would be added if the 5' sequence determined by primer extension is included. ORFIb could encode only 76 amino acids and is 18 amino acids shorter at the amino-terminal end than ORF-D described by Peng et al. (28 Expression of the 14-kDa Cl and C2 gene products in an MDV-induced lymphoma cell line indicates that these proteins may play at least some role in maintenance of the transformed state or latent infection. Detection of the Cl and C2 14-kDa proteins in MDV-induced lymphoblastoid cells represents the third such identification of MDV antigen in latently infected transformed cells, after the identification of pp38 (7, 13) and meq (20) . All 
